IMPORTANCE Seizures recur in as many as half of patients who undergo surgery for drug-resistant temporal lobe epilepsy (TLE). Understanding why TLE is resistant to surgery in some patients may reveal insights into epileptogenic networks and direct new therapies to improve outcomes.
S urgery for drug-resistant focal epilepsy, particularly temporal lobe epilepsy (TLE), has been shown to be superior to medical management, but 42% to 63% of patients go on to have seizures within 1 year after surgery. 1, 2 The reason surgery fails is not clear, 3 but emerging evidence points to epileptogenic areas that are distinct from the seizure onset zone that are not targeted for resection. [4] [5] [6] It is difficult to draw conclusions regarding the failures of epilepsy surgery from the existing literature that provides data from heterogenous interventions at multiple centers with multiple surgeons, 5, 7, 8 sometimes without defining the anatomic resection. 2, 8 Temporal lobe epilepsy is the most common form of drugresistant focal epilepsy that is treated with surgery. 9 Evolving therapeutic and diagnostic techniques in epilepsy, such as stereoelectroencephalography (SEEG), stereotactic ablation, [10] [11] [12] [13] and responsive neurostimulation, 14, 15 have yet to improve seizure control over open resection. 16 Identifying the epileptogenic foci or network that are responsible for continued or recurrent seizures postoperatively remains at the forefront of epilepsy research to improve seizure outcomes. 17, 18 In this study, we reviewed patients with medial TLE who underwent identical surgical resections by a single surgeon (D.D.S.). Some had intracranial monitoring with depth electrodes and extensive neocortical coverage confirming medial temporal lobe seizure onset. A cohort with long-term seizure outcome data was analyzed to identify the patients at highest risk for recurrent seizures after surgery.
Methods

Outcome Data
This study was conducted with institutional review board approval from the Yale Human Investigation Committee. Informed consent was obtained from patients prior to surgery. Records of patients who were undergoing the same anteromedial temporal resection (AMTR) without extratemporal resections by the senior author (D.D.S.) from January 1, 2000, until December 31, 2015, were collected from the Yale Epilepsy Center database. Medial temporal lobe responsibility for the seizure onset was determined primarily by magnetic resonance imaging (MRI) medial temporal pathology (mesial temporal sclerosis [MTS] or space-occupying lesion), concordant with scalp electroencephalogram (EEG) audiovisual monitoring. Patients were also evaluated with positron emission tomography (PET) scans and functional MRI for language and neuropsychological testing. The decision for AMTR was a consensus of the comprehensive epilepsy team at the surgical conference. Anteromedial temporal resection was a standard (right or left side) resection of the temporal pole (3-3.5 cm of the middle and inferior temporal gyri), a complete amygdalectomy, and the hippocampus divided where the tail turns behind the brainstem. 19 At the epilepsy center, seizure onset dictated the resection site. For patients for whom intracranial EEG (iEEG) was undertaken, seizure onset was defined as the first electrode to show ictal activity. If the seizure onset was within the medial temporal lobe (amygdala, hippocampus, and entorhinal cortex), then AMTR was performed. For patients with a simultaneous onset in areas outside the medial temporal lobe, extended lateral temporal resections or extratemporal resections (most frequently frontal cortex) were sometimes undertaken depending on clinical and anatomical variables. Such cases of extended resections or extratemporal resections are not included in this study.
Of the 131 patients who met surgical criteria, 118 (90.1%) had 1 year or more of follow-up. Patients without 1-year follow-up were excluded from analyses. Engel class seizure outcomes 20 were assigned with freedom from disabling seizures as a class I outcome ( Figure 1 and Figure 2) . Pathology results were determined by a postoperative pathology report. Nonlesional pathology results were usually nonspecific gliosis. Magnetic resonance imaging, PET, and scalp EEG were categorized by experts at the surgical conference as either localizing to the medial temporal lobe, multifocal lateralization to a hemisphere (without lobe localization), bilateral involvement (no lateralization), or no abnormality. Positron emission tomography scans were not available for 33 patients (28.0%).
Intracranial EEG was a combination of neocortical grids and strips and depth electrodes sampling medial structures. For an expanded explanation of seizure-spread analyses, see eMethods Seizure outcome after isolated anteromedial temporal resection. The cumulative probability of continuous seizure freedom is 83.9%, 77.8%, 70.9%, and 65.6% at 1, 2, 3, and 10 years or more after surgery, respectively.
Key Points
Question Why do many patients continue to experience seizures after undergoing surgery for temporal lobe epilepsy?
Findings In this cohort study of 118 patients, rapid seizure spread to regions outside resective medial temporal lobe margins was associated with seizure recurrence after surgery in patients who underwent identical medial temporal resections for drug-resistant temporal lobe epilepsy.
Meaning
In patients with drug-resistant epilepsy, areas of early seizure spread may represent an epileptogenic network and should be investigated as targets for resection or neuromodulation.
in the Supplement. Raw iEEGs were read by an epileptologist (P.F.) who was masked to patient outcomes. Seizure spread was defined as an ictal pattern at electrode contacts that was at least 2 cm from the seizure onset region. Thirty patients (25.4%) underwent iEEG, of whom 20 (66.7%) had traces available for review 20 and were included in the time-to-firstspread analysis and Kaplan-Meier analysis of rapid spread (11 [55%] ) vs slow spread (9 [45%] ). Magnetic resonance imaging was performed after intracranial electrode implantation, and 3-dimensional reconstructions of patients' brains were constructed with power data that were mapped onto positions of intracranial electrodes. To analyze the seizure spread outside the surgical resective margins in Figure 3 and Figure 4A , brains were segmented into AMTR resection area 19 (AMT), ipsilateral lateral temporal lobe outside resective margins (LaT), ipsilateral orbitofrontal cortex (OF), and extratemporal (excluding orbitofrontal) areas (ExT). 21 Three-dimensional reconstruction data were missing for 4 of the 20 patients (20%) and these were excluded from the power analysis in Figure 3 (Figures 1, 2 , and 4), with Kaplan-Meier P values calculated by log-rank (Cox proportional hazards assumption), Mantel-Haenszel hazard ratios (HRs), and 95% confidence intervals using GraphPad Prism, version 7.0a (GraphPad). A linear mixed-effects model was used with R software (version 1.1.442; R Foundation) using the lme4 extension package to analyze the association of multiple predictors of outcomes that were found to be significant on the Kaplan-Meier analysis ( Figure 2D ). Time-to-first-spread ( Figure 4A ) was compared in patients with recurring seizures vs patients without seizures using a 2-tailed Mann-Whitney U test (GraphPad). For the quantitative analysis of seizure spread (Figure 3) , the ictal percentage of β power of each electrode was averaged within each anatomical segment to create 1 data point per anatomical segment for each patient, with recurred vs seizure-free groups compared using 2-tailed, unpaired t tests (GraphPad). The threshold for significance for all of these tests was α = .05.
Results
As shown in the Table, there were 118 patients older than 16 years who met the inclusion criteria of isolated AMTR with 1 or more years of follow-up. The mean (SD) follow-up of this cohort was 6.5 (4.6) years (median, 6 years [range, 1-17 years]), and 42 (35.6%) had 10 or more years of follow-up. Seizure outcomes are described in Figure 1 , with continuous Engel class I show a spread to the lateral temporal cortex, including the posterior temporal lobe and superior temporal gyrus, in less than 10 seconds. A quantification of fast β Power showed that patients whose seizures recurred after surgery (A and B) had statistically significant increases in β power in the lateral temporal cortex outside standard anteromedial temporal resection margins during the first 10 seconds of ictus (P < .05) compared with patients who were seizure-free after surgery (mean, 137.5%; SEM, 16.8% vs 93.4%; SEM, 4.6%). β Power differences between these 2 groups in the orbitofrontal and extratemporal regions did not reach statistical significance. The numbers between the upper and lower frames represent seconds associated with seizure onset at a time of 0 seconds. The small dots on the brain images represent the position of intracranial electroencephalogram (EEG) electrodes. The pale yellow coloration (100% baseline) represents no change in β power compared with the mean baseline power. The areas without blue dots and without coloration have no iEEG electrode and thus no available power data. Slow spread examples show an intense foci of β power increases that is limited to mesial temporal structures and the temporal pole almost entirely within the margins of anteromedial temporal resection. a P < .05.
Association of Seizure Spread With Surgical Failure in Epilepsy
Original Of the variables that were analyzed as predictors of seizure recurrence (dropping out of Engel class I), the 3 that were found to be statistically significant are described in Figure 2 : (1) selection for iEEG, (2) nonlesional pathology, and (3) discordance of preoperative PET with scalp EEG. When analyzed using a multivariable mixed-effects statistical model to predict worse (higher) Engel class outcomes, the selection for iEEG remained statistically significant (P = .001) when controlling for the other variables. While there were 30 patients (25.4%) who were selected for iEEG of the total patient cohort, more than half of these patients experienced recurrent seizures, having an HR of 6.5 (95% CI, 2.7-15.5) compared with patients who were not selected for iEEG.
Because of the high incidence of seizure recurrence in the iEEG subgroup, iEEG data were scrutinized for electrophysiological patterns to explain why surgeries failed. When the iEEG traces were analyzed for time to first seizure spread after onset, the range was 1 to 55 seconds (mean [SD], 12.25 [12. 90] seconds; median, 8 seconds [interquartile range, 10.25]). Nine of 10 patients (90%) who had recurrent seizures had their first seizure spread less than 10 seconds after onset. In this group, all began medially before rapidly spreading outside the resective margins.
Examples of this rapid-spread phenotype are shown in Figure 3A and B, with fast β activity-previously shown to be associated with low-voltage fast seizure activity 22 -projected onto 3-dimensional reconstructions of the patients' brains. This rapid spreading is contrasted with the patients in Figure 3C and D who did not show a rapid seizure spread electrographically and in whom the β activity was confined to medial structures for at least 10 seconds after seizure onset. Patients whose seizures recurred showed significant increases in fast β power in the LaT outside standard AMTR margins compared with patients who did not have seizures after undergoing surgery. While the mean β power in areas other than the lateral temporal lobe trended higher in some patients who had recurring seizures, our limited sample size did not detect significant differences when pooling data in these other regions. were not significant (P = .10). Most patients with a rapid spread first showed seizure activity ( Figure 4A ) that spread either within the AMT or to the LaT before seizure activity was detected in the OF or ExT on visual iEEG analyses ( Figure 4A ). This pattern fits with previously described patterns of seizure spread in TLE. 22, 23 In addition, patients in the iEEG cohort with seizure spread in less than 10 seconds were significantly more likely to have recurrent seizures than their counterparts who did not show a rapid spread ( Figure 4B ). These data provide quantitative evidence that rapidly spreading seizures and the early ictal involvement of cortical structures outside resective margins underlie a substantial portion of AMTR failures and have implications for guiding therapeutic interventions.
Discussion
In this study, we described a large cohort of patients who underwent standard AMTR for medial TLE by a single surgeon with longterm follow-up. A limitation of previous studies has been the control for surgical intervention (multiple centers, multiple surgeons, disconnection, and tailored surgeries), which is addressed here using a single-surgeon single-center consecutive series of patients who received identical operations. This study described the rapid spread of medial temporal lobe seizure onset to the LaT, posterior to resective margins, as a feature that underlies a substantial portion of surgical failures. In addition, this study visualized and quantified these rapidly spreading seizures. The results are best explained by attributing epileptogenic potential to sites of early seizure spread that were not included in resection. This mechanism of failure implies that a distributed epileptogenic network rather than a single epileptogenic focus may underlie surgically refractory epilepsy. A shift toward treating the seizure network rather than a seizure-onset focus could alter the surgical and neuromodulatory management of focal epilepsy as well as guide electrode placement for patients who require iEEG study.
In TLE that is resistant to surgery, histopathologic and electrographic studies have suggested an epileptogenic involvement of cortical areas outside medial temporal structures, even when hippocampal onset is observed. At the epilepsy center where this study was undertaken, volumetrically normal hippocampi are an indication for iEEG study even when scalp EEG and other noninvasive evaluations lateralize to 1 temporal lobe. In past analyses of such cases in which the ictal onset localized to 1 hippocampus and an AMTR was performed, the hippocampal neuronal loss was milder than typical of MTS (eg, 25% neuronal loss rather than >50% loss of MTS
24
) and was associated with lower rates of seizure control. 25 Because the neuronal loss resembled hippocampi that were resected adjacent to developmental tumors in these cases (termed paradoxical medial temporal lobe epilepsy), it was speculated that the seizure source may originate in a path that was projecting to that hippocampus and not within it.
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More recent studies on surgical failures in TLE have pointed to a subset of patients who have a primary seizure onset in the temporal lobe with an "epileptogenic zone" 5, 26 that extends to nearby structures outside the standard resective margins, termed temporal-plus epilepsy (TPE). 5, 26 Similarities in seizure recurrence rates, as well as an overlap in areas of neocortical involvement, between the rapid-spread cohort described in this study and TPE subgroups 5 suggest that these analyses of failed medial TLE surgery are converging. The use of SEEG (ie, depth electrodes) without subdural strips and grids was the primary method for describing TPE. However, it is unclear whether SEEG has the ability to cover the distributed sites of neocortical spread that are detailed in this study. Seizure activity can only be recorded from areas of electrode coverage; therefore, analyses of seizure networks will be biased and limited by the extent of electrode coverage. While a detailed electrographic description of TPE was not provided in prior reports, 4, 5, 26 the emphasis appears to be on seizure onset with regard to the epileptogenic zone. In this study, because of the coverage from subdural grid and strip electrodes that were used in combination with depth electrodes, the neocortical spread was broadly visualized. Still, our coverage may have been insufficient to fully characterize extratemporal involvement in such limbic regions as the cingulate and insula. These data point to an early spread rather than simultaneous onset as the marker of the poorest outcome. An epileptogenic lateral temporal cortex in TLE has been implicated elsewhere in the literature, including that on TPE. 5, 26 Notably, SEEG studies aimed at defining epileptogenic zones have pointed to lateral temporal structures and areas of early seizure involvement as important epileptogenic nodes 6 in patients with worse seizure control after surgery, which agrees with this study's results. Moreover, if seizure networks that extend into the lateral temporal cortex do underlie a portion of surgically refractory TLE, one would predict that ablative techniques that are limited to medial temporal structures would show lower rates of seizure freedom than an open resection, which includes portions of the lateral cortex. Thus far, the literature indicates this. 10, 11, 13, 16 Ictal onset, rather than the seizure spread that is described, was the major factor taken into account in planning resections. To our knowledge, there is no current consensus on how early is too early in a seizure's progression to suggest that an area of spread might generate seizures after the removal of the onset zone. The term rapid is used to describe the seizure spread detailed in this study, but prior to this analysis, extramedial temporal epileptogenesis requiring an extended or extratemporal resection at this center was typically only considered for simultaneous onsets that were outside AMTR margins. These data support expanding the epileptogenic zone to a multinodal network definition.
While this study's data point to a rapid spread to regions outside the medial temporal lobe, this study may be statistically underpowered to detect clinically significant seizure spread in areas other than the lateral temporal neocortex (eg, orbitofrontal and extratemporal regions). Onset and early involvement in seizure activity have been associated with epileptogenicity, 6 but to our knowledge, a discrete timeline of how long after onset is early enough to warrant the therapeutic targeting of such an area has yet to be delineated. This study provides evidence that rapid seizure propagation to the cortex beyond resection margins is associated with seizure recurrence.
Strengths and Limitations
This study had several limitations. First, this is a retrospective cohort and thus findings should be interpreted with appropriate caution until they are validated in a prospective manner. In addition, while the long-term follow-up on many patients is a strength in this study, a disadvantage is that system changes in medical centers and evolving methods for data collection resulted in incomplete data sets for some patients. Elements of raw iEEG data were not readily available for review to determine seizure spread in 10 of the 30 patients (33.3%) who underwent intracranial monitoring in our cohort: 5 (50%) with seizure recurrence and 5 (50%) who did not have seizures after surgery. Similarly, the generation of 3-dimensional reconstructions and anatomical segmentation for the power analysis was based on a confluence of patient data from several different sources, which were incomplete for 4 patients (3.9%), including 3 who showed a rapid spread and 1 with a slow spread, which possibly led to selection bias. Despite these drawbacks, the findings based on iEEG analyses are based on sample sizes that are comparable with related work in the literature. 6, 22 Regarding implications for the surgical management of drug-resistant TLE, this study's data support a potential network theory of epileptogenicity in which nodes outside the seizure onset zone are implicated in seizure generation. 18, 27, 28 The extratemporal cortex may provide sites of rapid spread that were not sampled. Our combined depth and neocortical studies most frequently provided a coverage of the lateral temporal, parietal, and frontal lobes with the depth electrode sampling of the orbitofrontal and medial frontal lobes. However, most patients did not have extensive coverage of the cingulate gyrus or the insular cortex, which may be suspected to mimic medial temporal lobe scalp EEG and semiology. These extratemporal limbic nodes could be critical to the epileptogenic network onset and going forward should be sampled when an iEEG study of presumed medial temporal onset is performed. The present approach to these patients takes advantage of the robotic depth accuracy together with our experience in neocortical surface coverage.
To address this problem therapeutically, extending the resection to include areas to which the seizures rapidly spread is one possible route when the spread pattern includes dispensable cortical areas, such as the nondominant lateral temporal cortex. When an extended resection is not possible (eg, in the dominant temporal lobe, insula, or frontal neocortex), one might place responsive neurostimulation electrodes at these sites. Responsive neurostimulation electrodes would allow longterm recordings to validate sites that are responsible for recurrent seizures as well as serve to test whether these sites are responsive to neuromodulation. 27 When extratemporal sites, such as the parietal lobe or insula (either dominant or nondominant), are identified as a rapid-spread network, resection, ablation, or neurostimulation must be carefully weighed with regard to a possible adverse outcome. While these patients may likely fail an AMTR, the effectiveness of possible alternative approaches is not yet clear. Both extended resection and responsive neurostimulation will demand medial depth electrode and lateral temporal coverage for planning and a clear definition of the projected network nodes. Regarding other future directions, the focus of this study was ictal data, but there may be clues in interictal connectivity 29, 30 changes and an analysis of high-frequency oscillations 31,32 that could further distinguish epileptogenicity using iEEG data. The intracranial electrode sampling rate was less than 2000 Hz for the years of this data analysis, but the present system will allow for the addition of high-frequency oscillation analysis in patients who show a rapid spread.
Conclusions
The concept of epileptogenesis as a network phenomenon has been gaining more traction over the past few years and computational methods to support this are beginning to emerge. 18, 27, 33 However, to our knowledge, it has yet been proven which nodes in a pathway that projects from a demonstrated ictal focus are epileptogenic and capable of generating seizures. The limiting factor for understanding neural networks that underlie epileptogenicity may be the quality and spatial coverage of intracranial data. Magnifying the granularity of iEEG data (eg, with high-density grids) promises to elucidate the normal physiology of the indispensable cortex. 
